Intercalations of metals and silicon between epitaxial graphene and its substrates are reviewed. For metal intercalation, seven different metals have been successfully intercalated at the interface of graphene/Ru(0001) and form different intercalated structures. Meanwhile, graphene maintains its original high quality after the intercalation and shows features of weakened interaction with the substrate. For silicon intercalation, two systems, graphene on Ru(0001) and on Ir(111), have been investigated. In both cases, graphene preserves its high quality and regains its original superlative properties after the silicon intercalation. More importantly, we demonstrate that thicker silicon layers can be intercalated at the interface, which allows the atomic control of the distance between graphene and the metal substrates. These results show the great potential of the intercalation method as a non-damaging approach to decouple epitaxial graphene from its substrates and even form a dielectric layer for future electronic applications.
Introduction
Graphene, which was first exfoliated from graphite in 2004, [1] attracts increasing attention due to its unique structure and outstanding electronic, magnetic, and optical properties. [2] [3] [4] In the past few years, tremendous efforts have been made to fabricate large-area uniform graphene layers with low defect density, a material which is crucial for massive applications in future devices. [5] [6] [7] [8] Epitaxial graphene on a single crystalline metal substrate, [7] [8] [9] [10] [11] [12] [13] [14] [15] especially on Ru(0001), is high quality and large in area, but has a strong interaction with the substrate, which hybridizes graphene's C π bond and disrupts its unique electronic properties. The previous work showed that this interaction can be effectively weakened via intercalating a layer of another element, such as Au, [16] [17] [18] Ag, [19, 20] Cu, [21] and oxygen, [22, 23] between the epitaxial graphene and its substrate, which makes the graphene regain its linear energy band dispersion or even open up a band gap around the Dirac point. [18] By using angle-resolved photoemission spectroscopy (ARPES) and electron-energy-loss spectroscopy (EELS), researchers found stiffening of graphitederived phonon modes after intercalation, indicating that the intercalated layer effectively decouples epitaxial graphene from the substrate, making it behave more like a freestanding one. [16] Meanwhile, Premlal et al. [24] studied gold intercalation in graphene/SiC(0001) by scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS), and found that different intercalated structures have different impacts on the electronic structure of graphene. These experimental results elucidate the great potential of intercalation to decouple epitaxial graphene from the substrate, and also indicate the crucial abilities of different intercalated structures for tuning graphene's electronic properties.
In this paper, we review demonstrations of the intercalations of two kinds of elements in epitaxial graphene/Ru(0001) or graphene/Ir(111). The first kind of elements is metals, including noble metals Pt, Pd, and Au, magnetic metals Ni and Co, the IIIA group metal In, and the rare earth metal Ce. [25] The other kind is semiconductor silicon. [26, 27] The results reveal that the intercalation of any of the above elements through epitaxial graphene is a non-damaging approach. By metal intercalations, we obtain different intercalated structures for these metals. By silicon intercalation, we successfully form a layer of intercalated silicon, which not only blocks the interaction between graphene and its substrate, but also acts as a dielectric layer for future electronic applications. Through these findings, we are able to make use of the intercalation to tailor the electronic structure of graphene and integrate graphene into Si technology to harvest the best qualities that these materials could offer.
Metal intercalations on graphene/Ru(0001)
In this part, we show STM studies of seven different metals, Pt, Pd, Ni, Co, Au, In, and Ce, intercalated at the interface of graphene/Ru(0001). As the previous work revealed, different intercalated structures may have different influences on the electronic structure of graphene. [24] We divide the seven metals into two categories according to the structures, specifically whether graphene still exhibits the same Moiré pattern on the top of the intercalated structure as it does when directly interfaced with Ru(0001).
The first category includes noble metals Pt, Pd and magnetic metals Ni, Co. These metals can be intercalated between graphene and Ru(0001) after annealing at 800 K. As shown in Figs. 1(a)-1(d), these intercalated structures are small islands in a symmetric triangular shape, with the edges along the same symmetric directions as the graphene Moiré pattern. The heights of these intercalated islands for Pt, Pd, Ni, and Co are 2.88Å, 2.70Å, 2.50Å, and 3.00Å, respectively, which are similar to or even smaller than the step height in a close packed crystal surface, indicating that the islands are only composed of a single atomic layer. On the top of these intercalated islands, graphene keeps the same Moiré pattern as on Ru(0001). Since the Moiré pattern is formed due to a lattice mismatch between graphene and the underlying substance, this unchanged Moiré structure implies that the lattices of the intercalated islands for these four metals have the same close packed hexagonal structure as that of Ru(0001). [25] Although these islands have the same lattice parameters, they still differ in appearance. For instance, the edges of the Pd intercalated islands bulge to the same height as the Moiré atop region, which is very special among the four metals; and the mean sizes of the islands also differ. Pt tends to form small islands covering only two or three Moiré unit cells, while Ni prefers to form large islands that can spread across several hundreds of square nanometers. The conditions of the graphene layers on the top of the intercalated islands are shown by 3D STM images with atomic resolution in Figs. 1(e) and 1(f), in which the lattice of graphene is perfect with no additional defects and continuous across the edges of the intercalated islands, indicating that the intercalation process does no damage to the graphene.
The second category includes Au, In, and Ce, on which graphene has different corrugations from the Moiré pattern on Ru(0001), as illustrated in Fig. 2 . In Figs. 2(a) and 2(c), Au and In intercalate between graphene and Ru(0001) after annealing at 500 K. The intercalated islands are much larger and scattered less densely than the ones in Fig. 1 . For the Auintercalated islands, the majority of the surface is flat with a height about 2.78Å, which equals to the single step height of Au(111). In the case of In, the intercalated islands show varying heights ranging from monolayer to multi-layer. On the top of either of these metals, the graphene is very flat, indicating that the intercalated Au or In atoms do not grow with the same lattice as Ru(0001), but may be randomly arranged or reconstructed in some manner. For example, In atoms form a hexagonal reconstruction with a period of 4.80Å, as shown in the inset of Fig. 2(c) . The atomic resolution images in Figs. 2(b) and 2(d) show that the graphene lattice is perfect and continuous, both on the top of and at the edge of the islands, confirming that the intercalation does no harm to the quality of the graphene layer. Moreover, compared with the hexagonal lattice in the area with no intercalation, the graphene on the top of the intercalated islands displays a symmetric honeycomb lattice, which means that the strong interaction between graphene and the substrate has been blocked [28] and the graphene is more nearly freestanding after the intercalation, this is in agreement with the previous work. [16] [17] [18] The intercalation of rare earth metal Ce is quite different from the metals mentioned above. Instead of annealing to 500 K or 800 K, the Ce intercalation happens at room temperature (RT) directly upon deposition on graphene/Ru(0001). Furthermore, a very special structure is formed when the Ce coverage is lower than 0.1 ML. As shown in Fig. 2(e) , Ce atoms selectively intercalate from the atop and fcc regions of the Moiré structure. After intercalation, the atop and fcc regions of the graphene Moiré pattern have almost the same height and the hcp regions are left as indented holes, just like the geometry of h-BN "nanomesh". [29] This result demonstrates that the intercalation has a great potential to form interesting structures that can influence the geometry of graphene.
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Meanwhile, the atomic resolution image of this graphene nanomesh ( Fig. 2(f) ) shows a perfect lattice without any defects, confirming again that the intercalation of Ce is a nondamaging process for graphene. [25] For all the seven metals we've tried, graphene's high quality is always undisturbed during the intercalation process. Since additional defects may introduce unfavorable impacts on graphene, the non-damaging metal intercalation method demonstrated here might be a comparatively easy and harmless way to tune the electronic properties of epitaxial graphene.
Silicon intercalation in graphene/Ru(0001)
Having discussed metal intercalations, we next focus on silicon intercalation, which might provide a route for fabricating future graphene devices. In the following two parts, experiments with silicon intercalation in graphene/Ru(0001) and graphene/Ir(111) are introduced, and both show that silicon intercalation is a non-damaging process that can effectively block the interaction with the substrate and restore the graphene's superlative properties.
For silicon intercalation in graphene/Ru(0001), the experimental details are as follows. The Ru(0001) surface was prepared by Ar + sputtering and annealing to 1100 K, then exposed to oxygen at 1500 K to remove residual carbon, and then flashing to 1800 K to remove oxide. High quality graphene was prepared by thermal decomposition of ethylene on metal substrates at high temperature. The silicon was evaporated to the graphene surface, and then the sample was annealed at 800 K for 10 min. After cooling, we obtained STM/STS images/data in an ultrahigh vacuum (UHV) system equipped with an Omicron UHV-LT-STM at the temperature of 5 K. The chamber was also equipped with low energy electron diffraction (LEED) and Auger electron spectroscopy (AES) to monitor the quality of the graphene. STS was measured with a lock-in technique by applying a small modulation signal, AC 7 mV·rms at 730 Hz, to the tunneling voltage. The angle resolved electron photoemission spectroscopy (ARPES) measurements were carried out using our lab system equipped with a Scienta R4000 analyzer and a VUV5000UV source which gives the photon energy of Helium I at hν = 21.218 eV. The overall energy resolution was 10 meV and the angular resolution was 0.3 • . The measurement was performed at 20 K in vacuum with a base pressure better than 5×10 −11 Torr.
First, a highly ordered, centimeter-scale (0.8 cm in diameter), and continuous monolayer graphene of high quality on Ru(0001) [8] was prepared for the Si layer intercalation. The procedure for silicon-layer intercalation approach (SIA) is as follows: (i) growth of monolayer graphene on Ru(0001) ( Fig. 3(a) ); (ii) deposition of silicon on the surface of graphene ( Fig. 3(b) ); (iii) annealing the deposited Si and formation of the Si layer between the graphene and Ru (Fig. 3(c) ). STM was used to image the surface of the sample at each of the three stages. For reference, the G/Ru(0001) surface structure is provided, showing the Moiré patterns that characterize the interaction between the Ru and graphene lattices ( Fig. 3(d) ). After Si deposition on the graphene/Ru(0001), Si clusters can be seen on the surface of the sample (Fig. 3(e) ). After annealing at 800K, the Si deposited clusters disappeared and the sample became uniform and atomically flat (Fig. 3(f) ).
The structural decoupling of the graphene from the Ru surface can be seen by the degree of flatness of the honeycomb lattice as compared with graphene grown directly on Ru(0001). The strong surface corrugation of graphene on Ru(0001) disappears after the Si intercalation, as shown in Fig. 3(g) . Further zooming of the STM images shows clearly the honeycomb lattice of the monolayer graphene (Figs. 3(h) and 3(i)). DFT calculations of the interaction between the Si layer and the Ru(0001) surface reveal that it is very weak with a spacing of 3Å between graphene and the silicon layer on Ru(0001). This structural decoupling leads to the high resolution STM images of the epitaxial graphene after the Si intercalation.
epitaxially grown graphene on Ru (0001) graphene/Ru (0001) deposition of silicon on silicon layer intercalation into graphene/Ru(0001) [26] In Fig. 4 (a) ARPES measurements show that the conduction (π * ) and valence (π) bands cross at the Dirac point (E D ) at the K point of the hexagonal Brillouin zone, with a linear dispersion over a large energy range. The Dirac point is below the Fermi energy E F by 0.26 eV, and the measured Fermi velocity (the slope of the cones in the Γ -K direction) is 0.95 × 10 6 m/s, that is, of the same magnitude as the Fermi velocity of graphene on SiO 2 . This result implies a charge doping of about 2.7 × 10 −3 electrons per unit cell, i.e., 5.1 × 10 12 cm −2 . From constant energy maps of the states at E F , E D , and E F −0.8 eV (Figs. 4(b)-4(d) ), we can see the hole and electron pockets. The equal energy contours in the maps which correspond to the cone structure near the E D are similar to the ARPES measurements of graphene epitaxially grown on SiC. [30, 31] Another feature of the Si-intercalated graphene is that there is no replica around the Dirac point in the constant energy mapping, this is a phenomenon induced by the Moiré pattern and observed in graphene on either SiC(0001) or Ir(111). The absence of this feature may indicate that the SIG is more uniform and more like intrinsic graphene than graphene on a SiC or Ir surface. Thus, graphene on the G/Si/Ru structure is decoupled from its substrate and is not subject to any significant potential that would affect the spectral properties of the Dirac quasiparticles. , and E F − 0.8 eV. [26] Although impurities are usually considered to be a nuisance due to their deleterious effects on the electronic transport, they can also reveal important features of the electronic properties. We have selected a few samples in which we can find defects (such as a vacancy) that can be used as a probe of the electronic states of our samples. An STM image of G/Si/Ru containing a local defect is shown in Fig. 5(a) . It shows the superstructure around the defect, which is assigned to the inter-valley scattering of the delocalized π electrons by the defect. [32] The fast Fourier transform (FFT) of the large area STM image with the same kind of defect is shown in Fig. 5(b) with the (1 × 1) and the R3 spots, corresponding to the superstructure. The same quantum interference patterns have been found in bilayer graphene directly on Ru(0001) and graphene on SiC(0001) surface. They are absent in monolayer graphene grown on a Ru(0001) surface and in the buffer layer of SiC (0001) where the π band is strongly perturbed. [6] Such interference patterns are fingerprints of the π states close to the Fermi level. [33] In the upright corner of Fig. 5(b) we show one of the R3 spots in the FFT image. The fine structure in these measurements agrees well with the theoretical predictions for the inter-valley scattering of chiral Dirac fermions. [34] This quantum interference at the atomic resolution demonstrates that the metallic states of the graphene in this G/Si/Ru structure are essentially decoupled from the underlying electronic states in the silicon on Ru(0001). [26] To investigate the electronic properties of G/Si/Ru, local tunneling conductance, dI/dV , was measured over the entire area. The typical profile of LDOS for graphene was observed at a low bias (Fig. 5(c) ). Similar to graphene on SiO 2 , the spectrum also shows a gap-like feature centered at the Fermi level and a local minimum at V D = −260 mV (Fig. 5(d) ). This gap-like feature can be interpreted as a suppression of electronic tunneling to graphene states near the Fermi energy and a simultaneous enhancement of electronic tunneling at higher energies due to a phonon-mediated inelastic channel. [34] The minimum at −0.26 V is associated with the Dirac point that is shifted to the electron doping side (the sample is slightly ndoped), which is in agreement with the ARPES experiments. Both the STS and the FFT-STM show a decoupling between graphene electrons and the substrate, which is due to the Si intercalation.
In order to investigate the intercalation of thicker Si layers between graphene and Ru(0001), we deposited more Si on the top of the already-formed monolayer-silicon intercalated graphene (G/1-Si/Ru) and then annealed the sample again. As shown in Fig. 6(a) , STM images show the boundary of the bilayer Si intercalated graphene (G/2-Si/Ru) on the left and G/1-Si/Ru on the right sides of the figure. We can see that the height difference is around 0.3 nm, consistent with the thickness of an added Si monolayer. Figures 6(b) and 6(c) show high resolution images of graphene lattice on the G/2-Si/Ru. It can be seen that the graphene has become uniform and much flatter than that formed on the G/1-Si/Ru, indicating an even weaker interaction with the substrate. This result opens the doors for the atomic control of the distance between graphene and a metal gate (in this case Ru) by creating a G/N-Si/Ru structure (N is the number of Si layers), which would be very important for future applications. [26] The results discussed above show that intercalation of Si layers at the interface of graphene and Ru maintains the graphene lattice intact and electronically decouples the graphene from the metal. Moreover, it is possible to intercalate thicker layers of Si, allowing for the atomic control of the distance between graphene and the metal substrate, opening doors for controllable high doping experiments with no need for chemical doping. This technique is not exclusive to Ru, but can also be used on many other metal substrates that catalyze for graphene production, such as Ni, Ir, Cu, and Pt.
Silicon intercalation in graphene/Ir(111)
In this section, we will focus on silicon intercalation experiment in graphene/Ir(111). Graphene was fabricated by chemical decomposition of ethylene on an Ir(111) surface. Then silicon was deposited on the graphene/Ir(111) sample and annealed at 800 K, whereupon a distinct superstructure emerged and was characterized by LEED and STM, which was confirmed to have arisen due to the silicon intercalation. Further investigations of the electronic properties of the system were done by dI/dV measurements and Raman spectroscopy on both graphene/Ir and graphene/Si/Ir, confirming that the silicon intercalation does successfully decouple the interaction between graphene and the Ir substrate.
The quality of graphene was first identified by the LEED pattern macroscopically. In Fig. 7(a) , the inner six spots and the outer six spots, indicated by the dashed-line and solid-line arrows, can be easily distinguished and assigned to the Ir(111) lattice and the graphene adlayer, respectively. The additional satellite spots can be ascribed to the Moiré superstructure of graphene and are caused by the mismatch between graphene and the Ir substrate. Such an LEED pattern confirms that graphene has been epitaxially grown on the Ir(111) surface. Moreover, no rotational spots are found in Fig. 7(a) besides the six spots from graphene, which indicates that the graphene has only one orientation with respect to the Ir(111) substrate in our sample and that grapheme [1120] is parallel to Ir [110] . [35] Figure 7(b) shows a typical STM image of this sample. A well ordered Moiré superstructure of graphene with a periodicity of about 2.5 nm is visible. The inset of Fig. 7(b) illustrates the atomic resolution of the graphene adlayer. The superimposed model depicts more clearly the honeycomb lattice of the carbon adlayer. Furthermore, the alignment of the honeycomb structure is almost parallel to Ir [110], which is consistent with the direction observed in the LEED pattern in Fig. 7(a) . Therefore, considering the STM images together with the LEED pattern, we can confirm that a large scale graphene with a consistent orientation has been fabricated on the Ir(111) surface.
After the preparation of graphene, silicon was deposited onto the graphene/Ir(111) sample and then annealed to 800 K, which gave rise to a new superstructure, as shown in Fig. 7(c) . This pattern is totally different from that in Fig. 7(a) . In addition to the diffraction spots from Ir(111) and the graphene adlayer, a group of new spots appear within the circle of Ir(111) diffraction spots. These spots indicate the formation of another well ordered structure. We speculated at first that these spots are caused by silicon. In order to confirm this, we further used STM to observe the annealed sample, and found that the silicon clusters are no longer visible on the sample surface, instead, some distinct domains with locally ordered superstructures appear as shown in Fig. 7(d) . The periodicity of this well ordered superstructure is about 1.2 nm, much smaller than the period of the graphene Moiré superlattice (2.5 nm). This superstructure is due to the intercalated silicon, as we will discuss later. [27] It is worth noting that two small domains in Fig. 7(d) have different orientations. The orientation of region A is denoted by a solid line; region B has another orientation, which is denoted by a dashed line. The angle between these two orientations is about 13.2 • . Based on the above analysis of the LEED pattern and STM images, this silicon-induced superstructure can be determined to be a (
• Moiré superstructure. This superstructure includes two symmetrical orientations that are consistent with those of regions A and B. In addition, regions like region A are located at the step edges and regions like region B are located within the graphene adlayer. The locations indicate that the intercalation occurs both at the terrace and the step edges, suggesting that silicon intercalation starts both at the step edges and on the terraces.
We further expound the arrangement of the graphene adlayer and the intercalated Si layer. Figure 8(a) shows the domain boundary, denoted by the black dashed line, between a graphene/Ir area (with a periodicity of 2.5 nm) in the lower right and a silicon-intercalated graphene/Si/Ir area (periodicity 1.2 nm) in the upper left. It is easy to see several key features in the intercalated area: graphene honeycomb lattice, (
• superstructure, and even the silicon lattice underneath the graphene. The corresponding fast Fourier transform pattern (Fig. 8(b) ) reveals the information more clearly. The pattern can be described as four distinct circles of spots, each including six spots with a hexagonal symmetry. In more detail, the innermost circle is associated with the 2.5 nm Moiré pattern caused by the mismatch between graphene and the Ir(111) lattice; the second circle arises from the ( √ 19 × √ 19)R23.41 • Moiré superlattice induced by silicon intercalation; the third, larger one indicates a superstructure with a much smaller periodicity of about 0.44 nm, which we suppose to be the periodicity of the silicon structure formed underneath the graphene; and the outermost circle of spots is obviously from the lattice of graphene, which has the smallest periodicity 0.25 nm. (f) ; the corresponding STM images are shown in panels (c) and (e). We can see that the topmost graphene layer (2.5 nm lattice) is intact and continuous in panel (c), and the underlying silicon layer (1.2 nm lattice) has a honeycomb structure in the upper-left region in panel (e). [27] In Fig. 8(a) , some dark sites (highlighted by the solid rectangles) are visible in the area of graphene/Si/Ir. There are three plausible explanations for these dark sites. First, the carbon atoms are missing from these sites. [32] Second, the atoms in the dark area are lower than other atoms in the surface geometry. Third, the local density of states at the dark site is less dense than that at other sites. Upon removing the third large circle of spots (0.44 nm in periodicity) from the FFT pattern by a high-pass treatment (see Fig. 8(d) ), we get an image which nicely reveals the honeycomb lattice of the topmost graphene layer, as shown in Fig. 8(c) . We see no sign of defects in this topmost lattice, so the first proposed explanation, missing carbon atoms, is ruled out. Since the applied bias voltage (V s = −0.05 V) of this image is very close to the Fermi level, the image can be interpreted approximately as a dI/dV mapping. Thus, we think that the darkness of certain sites in the STM image may be due to the relatively low LDOS at those sites, which is caused by the underlying silicon layer. Therefore, we conclude that the graphene lattice on our sample is still continuous and intact after the silicon intercalation.
Next we try to understand the ordered silicon layer beneath the graphene. As discussed above, the spots in the third large circle of the FFT pattern in Fig. 8(b) indicate an ordered superstructure of silicon with a periodicity of 0.44 nm. In order to get a clearer picture of this silicon structure, we eliminate the information of the topmost graphene honeycomb (0.25 nm in periodicity) from the FFT pattern, as depicted in Fig. 8(f) . The corresponding STM image in Fig. 8 (e) reveals another honeycomb structure, in the upper-left part of the image, which can be attributed to the underlying silicon layer. In this structure, the distance between two adjacent hexagonal holes is around 0.44 nm. Describing the precise atomic arrangement of this underlying silicon lattice requires combining theoretical calculations with experimental data. Although it is hard to provide the precise atomic model with this FFTbased method, in the context, the FFT treatment can help us understand this intercalated silicon structure and confirm that it is a well ordered honeycomb arrangement.
To further examine the electronic properties of our intercalated sample, dI/dV spectroscopy was performed locally on both graphene/Ir and graphene/Si/Ir areas. The measurements shown in Fig. 9 are averages, each calculated from a series of individual spectra obtained at the corresponding location. For graphene on Ir(111), our dI/dV data show the existence of a local maximum around 0.3 eV below the Fermi level, as shown by the dashed-line arrow in Fig. 9(a) . This maximum must be related to the Ir(111) surface state, for which a value of 0.4 eV has been reported. [36] This result reveals that the interaction between graphene and its underlying substrate is consistent with that found in the previous work, where it was reported that the graphene π band hybridizes strongly with the Ir 5d state near the Fermi level. [37] With silicon intercalation, this maximum feature is absent (the black spectra). This directly demonstrates that intercalated silicon effectively weakens the interaction between the graphene and the Ir substrate. More- over, without silicon intercalation, we see that the spectrum is asymmetric. After silicon intercalation, the spectrum becomes symmetric. This symmetry resembles the intrinsic graphene. Therefore, our data reveals that silicon-intercalated graphene on Ir(111) behaves like the intrinsic graphene. Fig. 2(a) . The local maximum of the red spectrum around 0.3 eV is caused by the Ir surface state and is indicated by the dashedline arrow. (b) Comparison of Raman spectra at 532 nm for graphene fabricated on Ir(111) before and after silicon intercalation, denoted as red and black lines, respectivley. After silicon-layer intercalation, the two prominent features of graphene, G and 2D peaks, are visible, and the D peak is absent. [27] From the foregoing, we can conclude only that for a small area the quality of graphene after silicon intercalation is almost as good as the intrinsic graphene, so we also need to characterize the sample's physical properties from the macroscopic view. As Raman spectroscopy has been widely used in characterizing the properties of graphitic materials, [38, 39] we employ it to characterize the physical properties of siliconintercalated graphene on Ir(111). In order to compare unintercalated graphene and silicon-intercalated graphene, we obtained Raman spectra of both systems from the samples of graphene/Ir and graphene/Si/Ir, as shown in Fig. 9(b) . The graphene/Si/Ir sample was prepared by cycles of silicon deposition plus annealing till a large-scale Si-intercalated interface was produced between the graphene and the Ir substrate. Before intercalation, there is no Raman signal from the sample of graphene/Ir, indicated by the red line in Fig. 9(b) , owing to the hybridization between the π bands of graphene and bulk Ir(111) substrate, which is in agreement with a previous study. [37] After silicon intercalation, the two prominent Raman features of graphene, the G peak and the 2D peak, emerge in the curve obtained from the graphene/Si/Ir sample. It is obvious that the silicon layer effectively decouples the interaction between graphene and the Ir(111) substrate. The blue shift of both the G peak and the 2D peak must be caused by a little mechanical strain and the charge from the underlying silicon. [40, 41] In addition, the absence of the D peak in the curve indicates that the intercalated graphene has nearly no defects. Therefore, combining Raman spectra with the dI/dV data discussed above, we conclude that the properties of the silicon-intercalated graphene on Ir(111) are almost the same as those of the freestanding monolayer graphene.
In this work, we derived the structure of the intercalated silicon layer from STM and LEED, and then investigated graphene's electronic properties by dI/dV and Raman spectroscopy, showing that silicon intercalation effectively decouples the interaction between graphene and the Ir(111) substrate while keeping graphene's original high quality.
Conclusions and outlook
We reviewed the intercalation of metals or silicon at the interface of epitaxial graphene and its substrate. Seven kinds of metals, Pt, Pd, Ni, Co, Au, In, and Ce, have been successfully intercalated between graphene and the Ru(0001) substrate. For all these metals, the perfect atomic lattice of the graphene layer is preserved after intercalation. The diversity of the intercalated elements and corresponding structures prove that our convenient intercalation method is a universal approach for metals in graphene/Ru(0001) and also has a potential for tuning the transport properties of epitaxial graphene for future applications. This work also provides an efficient way to investigate the physics and the applications of underlying atomic layers and islands of metals with the protection of the stable graphene monolayer. With regard to silicon intercalation, we demonstrated that it is possible to intercalate Si layer at the interface of epitaxially grown, high quality graphene and its metal substrate (Ru(0001) or Ir(111)) and still maintain the graphene crystallinity and achieve electronic decoupling from the metal. Moreover, we have shown that it is possible to intercalate thicker layers of Si, allowing the atomic control of the distance between the graphene and the metal substrate. These results indicate the possibility of incorporating graphene-based structures with Si-based materials and can be very important for technological progress in materials science.
